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I.  INTRODUCTION 


When  two  signals  having  widely  different  amplitudes  (i.e.,  more  than 
20  dB)  are  applied  to  an  ideal  hard  limiter,  the  differences  in  their 
levels  increases  by  6  dB.  When  real  (i.e.,  nonideal)  microwave  FET  ampli¬ 
fiers  are  used  to  realize  limiters,  however,  this  ideal  compression  charac¬ 
teristic  is  observed  only  when  the  amplifier  is  mildly  saturated.  When  the 
amplifier  is  hard-saturated,  the  amplitude  of  the  smaller  signal  often 
deviates  substantially  from  its  expected  value.  The  amount  cf  small -signal 
compression  generally  varies  unpredictably  with  the  frequency  and  level  of 
the  large  signal.  When  it  occurs  in  the  front  end  of  a  receiver,  this 
compression  reduces  the  receiver's  sensitivity  to  the  small  signal,  and 
thus  is  often  called  desensitization . 

This  phenomenon  has  been  observed  experimentally  in  this  laboratory.1 
Measurements  of  the  compression  of  a  small  signal  by  a  larger  one  were  made 
on  a  conmercial  broadband,  low-noise  amplifier  at  frequencies  near  3  GHz. 
Although  the  expected  small-signal  compression  of  6  dB  was  observed  under 
moderate  levels  of  saturation,  the  small-signal  level  varied  unpredictably 
when  the  amplifier  was  strongly  saturated. 

Because  it  does  not  conform  to  the  conventional  theory  describing 
hard  limiters,  this  phenomenon  has  heretofore  been  considered  anomalous. 
However,  far  from  being  anomalous,  it  can  be  explained  in  a  straightforward 
manner  by  means  of  Vol terra-series  theory,  and  is  in  fact  the  expectable 
consequence  of  saturation.  It  appears  to  be  anomalous  only  because  the 
ideal  hard-limiter  model  is  not  adequate  to  describe  real  microwave 
circuits . 
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II.  THE  HARD-LIMITER  MODEL 


Figure  1  shows  the  conventional  model  of  an  ideal  hard  limiter.  The 
limiter,  shown  schematically  in  Fig.  1(a),  has  the  memoryless  voltage- 
transfer  function  shown  in  Fig.  1(b).  The  limiter  has  no  effect  when  the 
peak  value  of  the  input  voltage  Vi  is  below  the  threshold  Vt;  if  Vj^  >  Vt, 
the  output  voltage  is  clamped  at  Vt  and  includes  only  input  frequencies 
(distortion  components  and  harmonics  are  filtered  from  the  output).  If  two 
signals  are  simultaneously  applied  to  the  limiter  and  one  signal  is  much 
smaller  than  the  other,  the  smaller  signal  effectively  phase  modulates  the 
larger  one  at  a  rate  equal  to  the  difference  of  their  frequencies.  This 
case  is  illustrated  by  the  diagram  in  Fig.  1(c),  in  which  the  output  volt¬ 
age  VQ  is  described  as  the  sum  of  two  phasors  representing  the  signals. 

The  resultant  of  the  two  phasors  is 


V  (t)  =  V.cosfw.t  +  «sin(u  t)] 
oil  m 


(1) 


where 


(2) 


and  ci>m  =  •  When  V2  <<  V^,  ®  s  Vg/V^  and  Eq.  (1)  can  be  expanded  to 

obtain 


VQ(t)  =  V1JQ(4')sin(w1t)  +  V2J1(*)sin[(u»1  +  u»m)t]  +  ...  (3) 

where  Jn  is  the  nth-order  Bessel  function.  In  the  limit  V2/V.|  0, 

V? 

Vo(t)  =  V1[sin(u1t)  +  ~  air.(«2t)  ♦  ...]  (M) 

Thus,  the  level  of  V2  is  compressed,  relative  to  V1f  by  a  factor  of  two,  or 
6  dB.  This  degree  of  saturation  is  usually  observed  in  practice  in  lightly 
saturated  single-stage  amplifiers. 
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(C) 


Fig.  1.  The  Ideal  Hard  Limiter,  (a)  The  limiting  section  and  a  band¬ 
pass  filter,  (b)  The  input/output  characteristic  of  the 
limiting  section,  (c)  Phasor  components  of  Vq  when  there  are 
two  excitation  components,  and  V 2 . 
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III.  THE  VOLTERRA-SERIES  MODEL 


The  ideal  hard  limiter  has  only  a  single  resistive  i'or  memory  less ) 
nonlinearity,  and  has  no  feedback.  Real  amplifiers  have  both  linear  and 
nonlinear  reactances,  feedback,  and  possibly  even  multiple  memoryless  non- 
linearities;  the  most  significant  of  the  latter  are  the  transistor's  trans¬ 
conductances  . 

The  output  VQ(t)  of  a  nonlinear  system  having  both  reactive  and  re¬ 
sistive  nonlinearities  can  be  expressed  by  the  frequency-domain  form  of  the 
Volterra  series: 


vo(t) 


=  l  ~ 

n=1  2n 


Q  Q 

l  l 

q1=-Q  q2=-Q 


Q 

l 

qn=-Q 


i  -  V  ^ 

s,q1  s,q2 


s,  qn 


H  ( u  , ,  id  „ 
n  ql’  q2 


(Jj  ) 

qn 


eXP[wq1  +  wq2  +  •••  “qn)tl  (‘ 

in  which  the  excitation  V^t)  consists  of  Q  nonconmensurate  sinusoids,  and 
can  be  expressed  as 

1  Q 

V.  (t)  =  5  y  V  exp(>  t)  (6) 

1  2  q=-Q  <! 

We  note  that  u  =  -w  in  Eq.  (6).  The  complex  quantity  H  (w  ,, 

-q  q  ^  n  q  i 

w  ^  u  )  is  called  the  nth-order  nonlinear  transfer  function,  or  the 
q2  qn - 

nth-order  Volterra  kernel  of  the  system.  Analogous  to  the  transfer 
function  of  a  linear  system,  it  relates  the  nth-order  response  at  the  fre¬ 
quency  w  ,  +  w  _  +  . . .  ui  to  the  individual  excitation  tones  [the  first- 
J  q  i  q2  qn 

order  term  H,(w  )  is  in  fact  the  linear  transfer  function  of  the  system], 

1  q 

The  sum  of  these  responses,  at  all  possible  orders  and  mixing  frequencies, 
is  the  total  response  of  the  system.  Thus,  Eq.  (5)  represents  the  sum  of  a 
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very  large  number  of  frequency  components,  each  of  which  occurs  at  a  fre¬ 
quency  that  is  the  linear  combination  of  a  set  of  n  excitation  frequencies. 
These  frequencies  are  called  nth-order  mixing  frequencies. 

A  careful  examination  of  Eq .  (5)  shows  that  many  mixing  frequencies  of 

different  orders  are  identical.  For  example,  when  the  excitation  has  two 

tones  (Q  -  2),  the  third-order  (n  -  3'  output  includes  terms  at  w.  +  u  ,  + 

1-1 

uj,  -  <u^  and  ♦  ui_1  *  =  1*2  •  Although  these  components  occur  at  exci¬ 

tation  frequencies,  they  are  still  third-order  mixing  frequencies,  and 
Decause  is  complex,  they  may  have  phases  that  are  different  from  those 
of  the  linear  outputs.  Mixing  frequencies  equal  to  the  excitation  frequen¬ 
cies  occur  in  all  odd-order  terms  of  Eq.  (5). 

We  now  consider  the  case  of  a  nonlinear  system  having  two  excitation 
tones,  one  at  that  is  very  strong  and  another  at  id,  t.iat  is  much  weaker. 
From  Eq.  (5)  we  find  that  the  outputs  at  and  can  oe  expressed, 
respectively,  as 

Vo{u.1)  -  V  ^  H 1  ( ui^ )  +  (3/4)V^H3(-wr  wr  «,) 

+  (5/8)V^H^(  -id,  ,  ,  id^,  w1  ,  W.J  ) 

+  (35/64  )V^H^(  -u1 ,  -ui  1 ,  -ui  i ,  u.^,  u^, 

*  ...  (7) 


and 

VoU2)  .  ♦  (3/2)V^V2H3(-u.1,  «v  u2) 

(15/8)VJjv2H5(-w1,  id,,  «v  «2) 

+  35/16)V^V2H7(-w1  ,  ,  -Ul^,  Wj,  ID,,  id  ^  ,  id2) 

♦  ...  (8) 


8 


Equal'  ms  (7)  and  (8)  are  approximate;  many  terms  in  Eq.  (5)  that  contri¬ 
bute  to  (w,)  and  V  (w_)  are  negligible  when  V0  <.  <.  V,,  and  these  terms 
oi  o  d  c  i 

have  not  been  included. 

Each  of  the  additive  terms  in  Eqs.  (7)  and  (H)  can  be  represented  by  a 
phasor.  Without  loss  of  generality,  we  can  assume  V1  and  V2  to  be  real; 
then  the  magnitude  of  each  phasor  is  proportional  to  the  appropriate  pro¬ 
duct  of  the  excitation-voltage  components,  and  the  phase  of  each  phasor  is 
equal  to  the  phase  of  .  Note  that  the  Hn  in  Eqs.  (7)  and  (8)  are  not 
identical;  consequently,  their  magnitudes  and  phases  are,  in  general, 
different. 
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IV.  THE  IDEAL  HARD  LIMITER  DESCRIBED  BY  THE  VOLTERRA-SERI ES  MODEi. 


Because  its  transfer  function  has  discontinuous  derivatives  near  the 
saturation  pcir.t,  the  ideal  hard  limiter  cannot  be  described  by  a  Volterra- 
series  formulation.  However,  if  we  replace  this  transfer  function  with  a 
memoryless  one  that  has  continuous  derivatives,  the  Volterra  series  is 
applicable.  We  therefore  approximate  the  limiter  characteristic  as  shown 
in  Fig.  2;  we  derived  the  approximate  curve  by  fitting  a  polynomial  to  the 
function  VQ  -  tanh(V-)  in  the  range  r  (-5,5).  The  resulting  polynomial 
is 

V  =  a.V.  +  aQV3  ♦  acV5  +  a_V7  +  ...  (9) 

o1i3i5i7i 


where 


a,  =  0.8454 

a3  =  -0.10703 
a5  =  6.407- 10"3 
a?  =  -1  .264-10-5 

In  the  following  calculations  this  polynomial  will  be  truncated  after 
the  seventh-degree  term.  The  nonlinear  transfer  functions  Hn  can  be  found 
by  means  of  the  probing  method.^’3  We  find  that  in  both  Eqs.  (7)  and  (8), 
^  t  an;  i.e.,  the  power-series  coefficients  are  the  Volterra  kernels. 
Thus,  in  this  case  the  Hn  are  all  real  and  have  phases  of  either  180  or 
0  degrees.  We  note  that  a  syrunetrical ,  odd,  monotonic  function  such  as 
that  shown  in  Fig.  2  will  always  have  a^,  a^,  ag  ...  >0  and  a^,  aj, 
a 7 1  ...  <0,  and  an  =  0  when  n  is  even.  Also,  because  Eq.  (9)  is  valid 
only  in  the  range  =  (-5,5),  we  should  expect  the  Volterra  series  to  be 
accurate  only  within,  at  most,  this  same  range. 
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Fig.  2.  Characteristics  of  the  Ideal  and  the  Approximate  Limiter 
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Figure  3  shows  a  phasor  diagram  representing  either  Eq.  (7)  or  (8), 
in  which  the  output  voltage  V  (w)  is  the  vector  sum  of  the  phasors 
representing  the  individual  terms  of  those  equations.  [Note  that  this 
diagram  does  not  illustrate  the  same  phenomenon  as  does  Fig.  He);  the 
Volterra-ser ies  terms  in  Fig.  3  represent  components  of  the  same  signal, 
and  are  all  at  the  same  frequency;  Fig.  1(c)  shows  two  separate  signals  at 
different  frequencies.]  When  is  small,  as  shown  in  Fig.  3(a),  the 
higher-order  terms  are  negligible  and  on.y  a  single  term,  the  linear  one  (n 
=  1,  containing  is  significant.  However,  as  increases,  the  third- 
order  term  increases  rapidly.  Because  the  phase  of  in  an  ideal  hard 
limiter  is  180  degrees,  the  sum  of  the  first-  and  third-order  phasors  does 
not  increase  as  rapidly  as  the  first-order  term,  ana  thus  the  output  level 
begins  to  saturate;  this  situation  is  illustrated  in  Fig.  3(b). 

If  only  first-  and  third-order  terms  existed,  increasing  further 
would  eventually  cause  Vo(w)  to  peak  and  then  decrease.  However,  before 
the  output  level  can  decrease,  the  fifth-order  term  becomes  significant; 
because  its  phase  is  2ero,  it  adds  a  positive  component  to  VQ(w)  that 
opposes  the  negative  third-order  term  and  thus  prevents  Vq(u))  from  decreas¬ 
ing.  As  is  increased,  subsequent  higher-order  terms  become  progress¬ 
ively  more  significant  in  this  manner,  and  as  a  result  the  limiter  has  a 
smooth  output-saturation  characteristic.  Figure  3(c)  shows  the  phasors 
when  the  limiter  is  strongly  saturated. 

It  is  possible  to  illustrate  the  compression  of  V  (uij)  by  dividing  Eq. 
(8)  by  Eq.  (7)  and  substituting  an  for  Hn.  The  result  can  be  expressed  as 


voU2)  V 


2  a  V1 


1  a  V 


+  2b  +  3c  +  lid  ♦  . . . 
_  _  _ 

♦  c  V*  «•  d  vj  «•  ... 


(10) 


where  a  =  a^,  b  =  0.75a2,  c  =  0.625a^,  and  d  =  0.5U69ay.  This  ratio 
becomes  infinite  as  V|  ■*  »,  and  thus  appears  to  predict  the  unlimited 
expansion  (instead  of  the  compression)  of  V2  with  V^.  However,  because  of 
the  truncation  of  the  Volterra  series  in  Eqs.  (7)  and  (8),  and  because 
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n=  1 


RESULTANT 


Fig.  3 


(a) 


* 


n  =  1 
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4 

(b) 


A  RESULTANT 
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(C) 


Phasor  Representations  of  the  Voltage  Components  at  the  Output 
of  the  Limiter  at  Either  id.  or  u)?  (the  phasors  are  drawn  sepa¬ 
rately  for  clarity),  (a)  vj  <<  vf;  (b)  •  V,.;  (c)  V4  >>  V* 


't» 


i 
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Eq .  (9)  is  valid  only  within  the  range  =  (-5,5),  Eq .  (10)  is  not  valid 
at  large  values  of  V ^ .  Figure  M  shows  a  plot  of  Eq.  (10)  as  a  function  of 
V  i ;  it  indicates  that  Vq(ui^)  /Vq(u>^)  is  compressed  to  a  value  of 
when  V i  >>  1;  this  result  is  in  reasonable  agreement  with  conventional 
theory,  which  predicts  a  compression  value  of  O.Sl^/V The  difference  is 
probably  due  to  the  truncation  of  the  series  after  only  the  seventh  degree, 
and  may  also  be  related  to  approximations  inherent  in  the  hard-limiter 
theory . 
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V.  COMPRESSION  IN  REAL  AMPLIFIERS 


The  analysis  of  a  real  amplifier  differs  from  that  of  the  ideal 
limiter  in  two  respects.  First,  a  single  amplifier  stage  has  reactive  as 
well  as  resistive  (memoryless)  nonlinearities,  which  may  include  feedback 
resulting  from  the  transistor's  nonlinear  reverse-transfer  capacitance. 
These  properties  affect  the  nonlinear  transfer  functions  —  especially 
those  of  the  highest  order  —  in  a  manner  that  is  generally  unpredictable. 
Second,  in  a  multistage  amplifier  more  than  one  stage  can  saturate  if  the 
input  level  is  very  great.  The  input  to  the  final  stage  may  then  consist 
not  only  of  voltage  components  at  the  original  input  frequencies,  but  also 
of  harmonics  and  intermodulation  products  generated  in  earlier  stages. 

Thus,  even  if  the  input  signal  consists  of  only  two  tones,  the  signal  en¬ 
tering  the  final  stage  may  consist  of  a  multiplicity  of  tones,  not  Just 
two.  Because  of  the  many  possible  interactions  between  these  components, 
the  phases  and  magnitudes  of  the  nonlinear  transfer  functions  of  a  multi¬ 
stage  amplifier  can  vary  substantially  with  small  changes  in  power  level 
and  frequency. 

Figure  5  shows  a  phasor  diagram  of  one  possible  set  of  voltage  compo¬ 
nents  in  a  real  amplifier.  Because  the  reactive  nonlinearities  arise  in 
the  transistor's  parasitic  capacitances  and  are  therefore  relatively  small, 
the  lower-order  transfer  functions  are  dominated  by  memoryless  nonlineari¬ 
ties,  especially  the  transconductance.  However,  the  higher-order  transfer 
functions  often  include  high-frequency  terms,  and  thus  are  more  strongly 
affected  by  small  reactive  nonlinearities.  These  are  the  terms  that 
dominate  at  high  levels  of  V^.  Consequently,  at  moderate  levels  of 
saturation  the  magnitude  of  the  resultant  phasor  representing  V  (wg)  var^es 
approximately  in  accordance  with  hard-limiter  theory.  However,  under  heavy 
saturation  V^w^)  varies  apparently  randomly  with  changes  in  signal  level 
and  frequency;  under  some  conditions  it  can  even  disappear  completely.  It 
is  important  to  note  that  saturation  changes  not  only  the  amplitude 
of  Vq(ui)  but  also  its  phase. 
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Fig.  5 


One  Possible  Set  of  Voltage-Component  Phasors  at  the  Output  of 
a  Strongly  Saturated  Real  Amplifier 
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Because  the  unpredictable  compression  of  V  (w^)  is  the  result  of 
higher-order  nonlinear  transfer  functions,  and  these  are  dominated  by 
strong  nonj.inear ities  and  high  mixing  frequencies,  it  may  be  possible  to 
improve  the  compression  characteristics  of  practical  amplifiers  by 
minimizing  the  effects  of  these  non! ineari ties .  For  example,  designing  a 
transistor's  matching  circuits  to  reject  harmonics  and  high-frequency 
mixing  products,  as  well  as  to  short-circuit  the  gate  drain  of  a  FET  (or 
the  base  and  collector  of  a  bipolar  transistor)  at  out-of-band  frequencies, 
may  improve  the  amplifier's  saturation  characteristics.  It  may  also  be 
helpful  to  include  bandpass  filters  between  the  stages  of  multistage 
amplifiers,  or  at  least  between  the  last  two  or  three  stages.  Minimizing 
nonlinearities  inherent  in  the  FET  by  employing  a  graded  channel -doping 
profile  may  also  help.  Finally,  using  a  bias  circuit  having  a  low  source 
impedance  and  a  high  current  capability  may  reduce  saturation  effects 
associated  with  inadequate  bias  power.  It  is  difficult  to  predict 
theoretically  which  factors  dominate  in  creating  well-behaved  higher-order 
transfer  functions;  thus,  the  task  of  improving  the  saturation  performance 
of  amplifiers  is  best  approached  experimentally. 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  ‘archi toct -eng ineer "  for 
national  security  projects,  specializing  in  advanced  military  space  systems. 
Providing  research  support,  the  corporation's  Laboratory  Operations  conducts 
experimental  and  theoretical  i nvesf igat ions  that  focus  on  the  application  of 
>  -’entitle  and  technical  advances  to  such  systems.  Vital  to  the  success  of 
these  investigations  is  the  technical  staff's  wide-ranging  expertise  and  its 
ability  to  stay  current  with  new  developments.  This  expertise  is  enhanced  by 
a  research  program  aimed  at  dealing  with  the  many  problems  associated  with 
rapidly  evolving  space  systems.  Contributing  their  capabilities  to  the 
research  effort  are  these  individual  laboratories: 

Ae rophys ics  Laboratory :  Launch  vehicle  and  reentry  fluid  mechanics,  heat 
transfer  and  flight  dynamic-;  chemical  and  electric  propulsion,  propellant 
•hemistry,  chemical  dynamics,  environmental  chemistry,  trace  detection; 
spacecraft  structural  mechanics,  contamination,  thermal  and  structural 

cl - -  hi*!,  temperature  thermomcchan ics ,  gas  kinetics  and  radiation;  cw  and 

pulsed  chemical  and  excimer  laser  development  including  chemical  kinetics, 
spectroscopy,  optical  resonators,  beam  control,  atmospheric  propagation,  laser 
effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and 
radiative  signatures  of  missile  plumes,  sensor  out -of -f ield-of -view  rejection, 
applied  laser  spectroscopy,  laser  chemistry,  laser  optoelectronics,  solar  cell 
physics,  battery  electrochemistry,  space  vacuum  and  radiation  effects  on 
materials,  lubrication  and  surface  phenomena,  thermionic  emission,  photo¬ 
sensitive  materials  and  detectors,  atomic  frequency  standards,  and 
environmental  chemistry. 

Computer  Science  Laboratory:  Program  verification,  program  translation, 
performance-sensitive  system  design,  distributed  architectures  for  spaceborne 
computers,  faul t -tolerant  computer  systems,  artificial  intelligence,  micro¬ 
electronics  applications,  communication  protocols,  and  computer  security. 

Electronics  Research  Laboratory:  Microelecfonics ,  s-  lid-state  device 
physics,  compound  semiconductors,  radiation  hardening;  elv. jtro-opt ics ,  quantum 
electronics,  solid-state  lasers,  optical  propagation  and  communications; 
microwave  semiconductor  devices,  raicrowave/mi l l imeter  wave  measurements, 
diagnostics  and  radiometry,  microwave/millimeter  wave  thermionic  devices; 
atomic  time  and  frequency  standards;  antennas,  rf  systems,  electromagnetic 
propagation  phenomena,  space  communication  systems. 

Materials  Sciences  Laboratory:  Development  of  new  materials:  metals, 
alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of  carbon;  non - 
dest ’•u^t i ve  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  analysis  and  evaluation  of  materials  at 
cryogenic  and  elevated  temperatures  as  well  as  in  space  and  enemy-induced 
env  ironments . 

■Space  Sciences  Laboratory:  Magnetospher ic ,  auroral  and  cosmic  ray 
physics,  wave -par t i c le  Interactions,  magnetospher ic  plasma  waves;  atmospheric 
and  ionospheric  physics,  density  and  composition  of  the  upper  atmosphere, 
remote  sensing  using  atmospheric  radiation;  solar  physics,  infrared  astronomv, 
infrared  signature  analysis;  effects  of  solar  activity,  magnetic,  storms  and 
nuclear  explosions  on  the  earth’s  atmosphere,  ionosphere  and  magnetosphere; 
effects  of  electromagnetic  and  particulate  radiations  on  space  systems;  space 
i ns t rumen  tat  ion. 


